We analyze the seismicity and earthquake focal mechanisms beneath the Tiechanshan-Tunghsiao (TCS-TH) anticline over the last two decades for seismic hazard evaluation of a potential carbon dioxide storage site in northwestern Taiwan. Seismicity in the TCS-TH anticline indicates both spatial and temporal clustering at a depth range of 7 -12 km. Thirteen 3.0 ≤ M L ≤ 5.2 earthquake focal mechanisms show a combination of thrust, strike-slip, and normal faulting mechanisms under the TCS-TH anticline. A 1992 M L 5.2 earthquake with a focal depth of ~10 km, the largest event ever recorded beneath the TCS-TH anticline during the last two decades, has a normal fault mechanism with the T-axis trending NNE-SSW and nodal planes oriented NNW-SSE, dipping either gently to the NNE or steeply to the SSW. Thrust fault mechanisms that occurred with mostly E-W or NWW-SEE striking P-axes and strike-slip faulting events indicate NWW-SEE striking P-axes and NNE-SSW trending T-axes, which are consistent with the regional plate convergence direction. For the strike-slip faulting events, if we take the N-S or NNW-SSE striking nodal planes as the fault planes, the strike-slip faults are sinistral motions and correspond to the Tapingting fault, which is a strike-slip fault reactivated from the inherited normal fault and intersects the Tiechanshan and Tunghsiao anticlines.
INTRODUCTION
The Tiechanshan-Tunghsiao (TCS-TH) anticline is one of the kilometer-scale folded structures considered as potential sites for underground carbon dioxide storage in northwestern Taiwan (Fig. 1) . Understanding the seismic hazard presented by a carbon dioxide storage site is one of the vital components for subsurface storage reservoir safety considerations. Northwestern Taiwan, situated at the northernmost part of the active fold-thrust belt, is located at the diminishing collision zone (Angelier et al. 1986; Shyu et al. 2005; Rau et al. 2008) (Fig. 1) . As a consequence, the earthquakes recorded during the last two decades are rather diffuse in response to the low crustal strain rate in this part of Taiwan (Rau et al. 2008; Ching et al. 2011) . In spite of the lack of background seismicity, northwestern Taiwan experienced a devastating M 7.1 Hsinchu-Taichung earthquake sequence in 1935 (Fig. 1) . Thus, a detailed earthquake analysis and seismic hazard assessment of the potential carbon dioxide storage sites in northwestern Taiwan is even more important for underground storage reservoir safety evaluation.
The TCS-TH anticline is the site of the largest gas field in Taiwan. This gas field contributed more than 60% of the total hydrocarbon production on the island before 2003. Since 2003, it has been regulated as an underground natural gas storage site (Tzeng et al. 2003) . The TCS-TH anticline is characterized by a gently-folded and symmetrical structure, in contrast with the steeply-folded and symmetrical Chuhuangkeng anticline to the east ( Figs. 1 and 2 ). Studies based on seismic reflection data showed that the Paleogene and Miocene strata beneath the TCS-TH anticline and its neighboring areas are offset by the inherited high-angle normal faults (Hsiao 1982) (Fig. 2) . This indicated that both inversion tectonics and basement-involved deformation are incorporated into the frontal thrust wedge in northwestern Taiwan (Mouthereau et al. 2002; Lacombe et al. 2003; Mouthereau and Lacombe 2006; Yang et al. 2006) (Fig. 2) . As such, one may ask what the seismic activity of these regions. Is there any evidence showing reactivation of the preexisting normal fault beneath the anticline? Furthermore, by Terr. Atmos. Ocean. Sci., Vol. 28, No. 3, 239-246, June 2017 considering the seismogenic structure in this region, what is the maximum possible earthquake that may occur in the TCS-TH anticline?
The focal mechanisms of small-to-moderate-sized earthquakes occurring before 1995 in Taiwan have been investigated by Rau and Wu (1998) . However, the correlations between hypocenters and structure and their tectonic implications remain unclear. We evaluate seismicity and determine the focal mechanisms for earthquakes occurring during the last two decades to examine the seismogenic structures and the stress state in the TCS-TH anticline.
Two decades of seismicity is a snapshot in the geological history of the study area. However, by studying the shortterm earthquake behavior we can understand the earthquake characteristics and style of earthquake faulting in an area. If we combine this information with the understanding of the geological structures, we may estimate the possible extension of the fault at depth and also its maximum possible earthquake magnitude. We shall demonstrate that the style of earthquake faulting shows a mixture of thrust, strike-slip and normal faulting mechanisms under the TCS-TH anticline. The 1992 M L 5.2 earthquake sequences occurring in between the Tiechanshan and Tunghsiao anticlines with the normal fault motion main shock may indicate reactivation of the inherited normal fault at depth (Fig. 1) .
TECTONIC SETTING OF THE TCS-TH ANTICLINE
The TCS-TH anticline, along with other folded structures in northwestern Taiwan are products of the Taiwan arc-continent collision that began about 4 -5 Ma (e.g. , Teng 1979; Suppe 1981 Suppe , 1984 Chi and Huang 1981; Yang et al. 2006) (Fig. 1) . Where the anticline is situated northwestern Taiwan is considered a basin-controlled salient judging from the along-strike variation in the Neogene basin thickness (Lacombe et al. 2003 ) located at the northernmost end of the active contraction zone in Taiwan (Shyu et al. 2005; Ching et al. 2011) . The TCS-TH anticline creation is dated ~0.5 Ma based on the ages of the Pleistocene Toukoshan formation growth strata and the tilted terraces on the fold (Mouthereau and Lacombe 2006) .
The TCS-TH anticline is a 13-km-long, 4-km-wide; NE-SW-trending gently-folded structure (Fig. 1) . Structural analysis and seismic reflection study integration suggests that the Paleogene and Miocene strata beneath the anticline have been displaced by normal faults and some inherited NWW-SEE-trending high-angle normal faults may have been reactivated as strike-slip faults (Hsiao 1982 ) (Figs. 1 and 2). A suspected ~7.5 km NWW-SEE-trending sinistral strike-slip fault (the Tapingting fault) may have separated the Tiechanshan and Tunghsiao anticlines (Chang 1994; Tzeng et al. 2003) (Fig. 1) . This indicates that, as the mountain front of the northwestern Taiwan fold-thrust belt, fault reactivation and basement-involved tectonics are the important mechanisms in the TCS-TH anticline development (Mouthereau et al. 2002; Lacombe et al. 2003; Mouthereau and Lacombe 2006; Yang et al. 2006 ).
EARTHQUAKE DATA ANALYSES
We analyzed the earthquake data in the TCS-TH anticline area recorded after 1991. That year a previous 25-station TTSN (Taiwan Telemetered Seismographic Network) was merged into the CWBSN (Central Weather Bureau Seismic Network) forming a 75 seismic station network (Shin 1993) . More than 500 M L ≥ 3.0 earthquakes recorded by the CWBSN from 1991 to 2010 were selected for northwestern Taiwan. These earthquakes were relocated using a previously published 3D velocity model (Rau and Wu 1995) (Fig. 3) . The average RMS residual was 0.16 s for the relocated M L ≥ 3.0 hypocenters with observations between 10 and 46 stations, compared with RMS residual of 0.25 s for locations in the original catalogue. The relocated seismicity distributed mainly in the Western Foothills and the Hsuehshan Range, which are mostly 1999 M w 7.6 Chi-Chi aftershocks. Seismicity in the other parts of northwestern Taiwan appears to be scattered, whereas a cluster of 32 M L ≥ 3.0 events with a depth range of 7 -12 km was concentrated beneath the TCS-TH anticline center (Fig. 4) .
We determined focal mechanisms for M L ≥ 3.0 earthquakes following the approach of Rau et al. (1996) by incorporating first motions and SH/P amplitude ratios (Snoke et al. 1984) . The events were selected based on the following criteria: (1) location errors less than 2 km horizontally and 3 km vertically; (2) more than 11 P-wave polarity readings available and the maximum number of polarity inconsistencies allowed is 2; and (3) more than five SH/P amplitude ratios can be obtained and the maximum RMS error and number of SH/P amplitude ratio errors allowed are 0.6 and 2, respectively. A total of 13 focal mechanisms for smallto-moderate-sized events (3.0 ≤ M L ≤ 5.2) occurred in the TCS-TH anticline area was obtained in the present study (Fig. 4 and Table 1 ). 
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SEISMICITY AND EARTHQUAKE FOCAL MECHANISMS
The earthquakes that occurred in the TCS-TH anticline were clustered in both space and time (Figs. 4 , 5, and Table 1 ). Seismicity concentrated mainly in the center of the anticline at a depth range of 7 -12 km, in between the Tiechanshan and Tunghsiao anticlines where the suspected NWW-SEEtrending sinistral strike-slip fault is located (Hsiao 1982; Chang 1994; Tzeng et al. 2003) . Based on the earthquake magnitude-frequency histogram, the TCS-TH anticline seismicity is dominated by an earthquake sequence that occurred in April 1992 with an M L 5.2 main shock (Fig. 5) .
The focal mechanisms of 13 earthquakes show a mixture of thrust, strike-slip and normal faulting mechanisms under the TCS-TH anticline (Fig. 4 and Table 1 ). Five thrust fault mechanisms (events 4, 6, 8, 9 , and 11) with mostly NWW-SEE striking P-axes occurred roughly along a 40° east-dipping plane at the upper-to-mid crustal level of 7 -10 km (Figs. 4 and 6) . The 1992 M L 5.2 earthquake (event 1) has a normal fault mechanism with the T-axis trending NNE-SSW and nodal planes oriented NNW-SSE, dipping either gently to the NNE or steeply to the SSW (Figs. 4 and 7) . Three other normal fault mechanism events (events 3, 10, and 12) also show nodal planes oriented NNW-SSE with the NNE-SSW striking T-axes at the upper-to-mid crustal level of 7 -10 km (Figs. 4 and 7) . Strike-slip faulting events (events 2, 5, 7, and 13) indicate NWW-SEE striking P-axes and NNE-SSW trending T-axes concentrated at ~10 km mid-crustal level, except for event 13 (Fig. 4) . If we take the N-S or NNW-SSE striking nodal planes as the fault planes, the strike-slip faults are sinistral motions.
DISCUSSION
The most prominent earthquake that ever occurred in the TCS-TH anticline for the last two decades is the 1992 M L 5.2 event oriented NNW-SSE with a depth of 10 km right under the middle of the anticline (Fig. 4) . It shows a normal faulting dominated mechanism with the T-axis trending NNE-SSW, which is roughly parallel to the strike of the folded structure, indicating extension along the strike of the northwestern Taiwan fold-thrust belt. A normal fault located in the foreland region usually relates to the flexure of convex upper crust of a flexed plate (Bradley and Kidd 1991) which predicts extension perpendicular to the strike of the orogen. This apparently contradicts the observation we found here. Furthermore, in the tectonic regime of northwestern Taiwan, the question we face now is how to reduce the collision-related NWW-SEE trending σ 1 until it is less than the overburden pressure and let σ 3 oriented NNE-SSW and parallel to the orogen. Situated at the waning collision zone of the northwestern Taiwan mountain front, it is not difficult to decrease the collision intensity where the 1992 event is located. Let σ 3 orient NNE-SSW and parallel to the orogen, one plausible way is to create an orogen-parallel flow in the viscous lower crust and upper mantle, which in turn provides a mechanism for orogen-parallel extension. This explanation has been applied to the 1994 M 6.5 Taiwan Strait earthquake (Kao and Wu 1996) , and such a lateral extrusion mechanism is not uncommon in the oblique convergence tectonic regime and is also supported by the seismic anisotropy study results in Taiwan (Rau et al. 2000) .
Three events (events 2, 5, and 7) show strike-slip fault mechanisms with a NWW-SEE striking P-axis and a NNE-SSW trending T-axis concentrated at the 10 km mid-crustal level (Fig. 4) . The stress regime is consistent with the regional NWW-SEE plate convergence direction. If we take the N-S or NNW-SSE striking nodal planes as the fault planes, the strike-slip faults are sinistral motions, corresponding to the suspected Tapingting fault proposed from structural analyses (Hsiao 1982) . The seismic faulting with sinistral motion further demonstrates reactivation of the inherited normal fault as the strike-slip fault under the TCS-TH anticline.
Earthquakes under the TCS-TH anticline show a mixture of thrust, strike-slip, and normal faulting mechanisms (Fig. 4) . Both thrust and strike-slip faulting events consistent with a thrust/strike-slip faulting regime with σ 1 trending NWW-SEE and σ 3 oriented NNE-SSW in the regional plate convergence direction, indicating collision-related stress. With the addition of the stated above NNE-SSW extension caused by orogen-parallel flow in the viscous lower crust and upper mantle, both oblique convergence and lateral extrusion mechanisms contribute together to the tectonic regime under the TCS-TH anticline. Under such dual mechanisms and with the aid of a low strain rate, stress permutes more easily in the TCS-TH anticline. These elements create both a complex style of earthquake faulting and spatial and temporal clustering in the seismicity of this area.
Based on earthquake analyses it appears that the Tapingting fault is an active sinistral strike-slip fault reactivated from the inherited normal fault under the TCS-TH anticline. Considering 7.5 km as the rupture length of the Tapingting fault (Chang 1994; Tzeng et al. 2003) , based on the empirical relationship between the moment magnitude and surface rupture length (Wells and Coppersmith 1994) , the maximum potential earthquake for the Tapingting fault is ~M w 6.1. The maximum possible earthquake may be moderate and the Tapingting fault may not have reached the surface, however the effects of the designated earthquake need to be evaluated for subsurface storage reservoir safety considerations. Furthermore, the reactivation of inherited normal faults under the other folded structures in northwestern Taiwan must be considered as well if this area is considered as a potential site for underground carbon dioxide storage.
CONCLUSIONS
Seismicity analysis conducted on the TCS-TH anticline over the last two decades indicates that hypocenters concentrate at 7 -12 km depth, the upper-mid crustal level beneath the middle of the anticline. Earthquake focal mechanisms show a mixture of thrust, strike-slip and normal faulting mechanisms with the P-and T-axes roughly consistent with the regional NWW-SEE convergence direction. A 1992 M L 5.2 normal faulting event with orogen-parallel T-axis suggests orogen-parallel flow in the viscous lower crust and upper mantle, providing a mechanism for orogen-parallel extension. Strike-slip faulting mechanisms may demonstrate inherited normal fault reactivation as the strike-slip fault under the TCS-TH anticline. Complex earthquake focal mechanisms indicate that both oblique convergence and lateral extrusion contribute together to the tectonic regime under the TCS-TH anticline. Based on the empirical relationship between the moment magnitude and surface fault rupture length, the maximum potential earthquake for the Tapingting fault is ~M w 6.1. Tools (GMT), developed by Wessel and Smith (1991) . This research was partially supported by Taiwan NSC grant 100-2116-M-006-015.
